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EXTENDED ABSTRACT

The effectiveness of combat aircraft depends in part on their ability to
maintain high lift under extreme conditions. Examples of such conditions include
the high angle of attack, rapid pitch motions necessary for combat maneuvers. A
well known phenomena occurring on airfoils undergoing such high angle of attack
motions is the formation of a leading edge vortex. This vortex is preceded by
significant increases in lift, but is also accompanied by subsequent rapid loss of lift
and the ensuing dynamic stall.

Prior to dynamic stall vortex formation, the unsteady separatinz boundary
layer resembles the separating boundary layer over a static airfoil. Before
developing control methodologies for unsteady flows, it is necessary to obtain a
thorough understanding of the controlled flow over a static airfoil.  This
experimental analysis presents a comprehensive siudy of the separating boundary
layer over a static airfoil under natural and actively controlled conditions.
Near—surface hot—film and surface pressure measurements, as well as flow
visualizat:on are used to analyze the large-scale nature of the flow and determine
forcing eriecis. Kesuits from the siaiic siudy are then extended for an imitia
evaluation of unsteady airfoil control.

The fundamental frequency for a two—dimensional NACA—0015 airfoil is
found to be an integral multiple of the frequency associated with wuke struct¥is.
The stati: separating boundary layer response to active control confirms that it is a

boundary layer transitioning to a free shear layer. Qualitative analyses show that

significant reduction in overall static separation can be achieved under foccing




i

conditions. Upper aitioil surface suction values are also significantly increased over
the nateral values.  Applying tangential pulsed air cordrol at static fundamental
frequencics to a dynamic airfoil results in delay of the dynamic stall vortex
formation and a delay of dyramic stall. These discoveries indicate that the

developed controi methodology may prove successful in increasing unsteady aircraft

mancuverability.
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CHAPTER CNE

LITERATURE REVIEW

11 Motivation

The ability of high performance aircraft to perform in combat situations is
governed in part by aircraft maneuverability and stability. Design changes in air to
air weapous have incrcased the need for fighter—aircraft to execute difficult
maneuvers in which the best possible instantaneous tuining performance is essential
to combat superiority. The development of all-aspect short—range inirared guided
missiles and all-aspect capability guns coupled with aircrait position controis has
caused the emphasis in close air combat design to shift to enhanced maneuverability
(Herbst, 1985a & 1985b). These post—stall regime maneuvers utilize thrust control
to achieve rapid attitude changes. Such conditions may result in unsteady
separation on the wing. This situation can lead to increased drag, wind buffetting,
and stability and control problems which degrade combat effectiveness and could
cause the loss of the aircraft (Whitford 1987). Unsteady forces can also impose
loads on helicopter blades and marine propellers which affect perfcrmance and
longevity (McCroskey, 1982).

Unsteady separation does generate large transient aerodynamic forces which
hold promise in augmenting aircraft performance. Jumper, Dardis, and
Stephen (1988) noted that, where range and maneuverability atiributes conflict in
vehicle design, unsteady separation manipulation may be used to fulfill the

maneuverability requirements, allowing the range requirements to be fulfilled by



design. The flow over airfoils undergoing constant pitching or oscillating motions
exhibit lift coefficients of up to five times static values (Carr, et al, 1977). This
complex, unsteady flow process is characterized in general as "dynamic stall flow",
and has been the subject of numerous investigations (McCroskey, 1982, & Carr,
1988). The angle of attack of dynamic stall, or the point at which the lift curve
begins to decrease, is significantly extended over the static values. These attributes
can contribute to aircraft maneuverability, reducing the need for maneuverability
design specifications. The difficulty in this lies in the transient nature of the
enhanced aerodynamic parameters associated with dynamic stall. Therefore an
efficient means of controlling these parameters is necessary.

For the study discussed here, an analogy is drawn between the separating
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cundary layer on
static airfoil, the laminar boundary layer undergoes a transition to a turbulent,
separated shear layer as the angle of attack is increased (Lissaman, 1983). This
experimental study evaluates the similarities between this separated shear layer and
a free shear layer, as well as the response of the airfoil shear layer to active control
methods proven successful in maripulating a free shear layer.

An experimental analysis of an oscillating two dimensional airioil done by
Conger (1992) has shown that large scale structures appear, grow, and develop as
the angle of attack is increased. Near the leading edge of the airfoil, a number of
these vortical structures coalesce to form the dynamic stail vortex at sufficiently
high angles of attack. Since these unsteady shear layer structures bear at least a
qualitative similarity to those present in both a free shear layer and the separating

boundary layer on a static airfoil, it may be possible to successfully apply a control

methodology focused on manipulating the growth and development of shear layer




structuses to an unsteady airfoil. Numerous efforts, which will be outlined in this
review, have shown success in applying active control methods to both free shear
flows and static airfoils. This background review will first discuss the similarities
between steady and unsteady airfoil flows, then summarize the known aerodynamic
perforinance enhancements associated with a pitching airfoil. Studies concerning
shear layer development and control will then be outlined. A subsequent overview

of steady and unsteady airfoil control techniques to date will also be r.ade.

1.2  Comparison Between Steady and Unsteady Separation

An important aspect of this study is that similarities exist between static and
dynamic airfoil flows. Curricr and Fung (1991) determined computationaliy that
the flow prior to unsteady boundary layer separation and dynamic stall formation is
quasi—steady.  There is, however, a difference between the two separation
mechanisms which should be mentioned. 1In steady separation, the flow is
sufficiently retarded due to an adverse pressure gradient, and the momentum of the
fluid particles is reduced. The retarded particles cannot penetrate into the high
pressure region due to their reduced kinetic energy. The boundary layer is deflected
away fror: the wall and separates from it. The point of separation is defined as the
point where the wall shear vanishes (Schlichting 1955). In unsteady separation, the
separation point does not necessarily coincide with the point of vanishing wall shear
(Rott 1956). Rather, the unsteady separation point is determined by the
sizaultaneous vanishing of the wall shear and the profile velocity at a point just
above the wall as seen by an observer movirg with the separation velocity

(Muore, 1958, Sears and Teliouis, 1975). This is known as the MRS criterion. If the




observer is fixed at & point on the airfoil surface, it is possible to observe zero
velocity or zero shear stress and not have unsteady scparation. The separation is
caused by an abrupt thickening of the boundary layer, which results in the retarded
flud in the boundary layer beiug eject.d into the potential flow.

Figure 1~1 compares the flow over a static and a dynamic airfoil. Except for
the fact that the ansteady flow remains attached for higher angles of attack, the two
flows are qualitatively similar up to the formation of the unsteady dynamic stall
vortex. As the angle of attack increases, the flow transitions from a quasi-steady,
symmetric flow 1o a separating flow with an increase in the strength of the trailing
edge vortices. As the separation zone grows a shear layer interaction between Jhe
separating boundary layer and the separated flow produces a number of small
clockwise vortices. This continues until, on the steady airfoil, the emire upper

surface flow has separated and the airfoil is stalled.
+

Flow over the dynamic airfoil, pitched at a non—dimensional pitch rate, o
of 0.05, initially follows the same qualitative pattern as in the static case. By an
angle of attack of 1G*, the flow is beginning to separate and numerous clockwise
vortical structures are evident in the separating boundary layer. As the angle of
attack increases, the separation point{ moves upstream along the airfoil surface until,
at an angle of attack of 20°, a leading edge vortex can he scen developing on the
upper surface. This lecading edge vortex, known as the dynamic stall vortex,
continues to grow with increasing angle of attack. Eventually, the dynamic stall
vortex detaches from the airfoil surface and convects downstream.

Figure 1-2 shows an example of lift curves for both a static and & dynamic

NACA-0015 airfoil. Separation on the steady airfoil results in a rapid loss of lift at

the early angle of attack of 15°. Pitching the airfoil at a non—dimensional pitch rate




(a+) of 0.2 results in both a significant increase in lift coefficient magnitude and a
delay in airfoil stall until the angle of attack of 30°, as indicated by the sudden loss
of lift over the airfoil surface. The beneficial nature of the unsteady flow is avident
in the increased lift. However, the transient characteristics of this high lift belics its

practical application.



Figure 1-1. Flow visualization comparison of flow over a static and

dynamic (o*=0.05) NACA-0015 airfoil. P _=24,000.
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1.3 Chbazacteristics of Steady Airfoil Flows

The first part of this experimental analysis 1s 10 evaluate the flow over o
static aitfoit. There are three specilic dypes of stall, as drscussed by Currier and
Fung (199i). The furst is leading edge stall, where the flow scparates initially near
the leadiug cdge but reattaches almost immedsately due to rapid transition to
turbulence.  Tkis reattachment occurs wlhen the pressure nearly egaals the value
that  would exist if the boundary layer was twurbulent and attached
(Muellce and Batili, 1982).  This region between separation and reattachment is
comparable in size to the thickness of the boundary layer.  As the stall angle is
approached, the region grows shorter until the adverse pressure gradient results in
airfoil separation.  The separation/reattachment rogion is significant because it
determines  the initial  conditions of the boundary layer  downstream
(Van den Berg, 1981). It is this type of stall which occurs on a static airfoil.
According to Lissaman, (1983), the region between scparation and reattachiment,
known as a laminar separation bubble, occurs ounly on aitfoils below a chord
Reynolds number of 50,000, Above this point, the airfoil is physically too short for
icatiaciuueni o occur.

The sccond type of stall, thin—airfoil stall, is characterized by laminar flow
separation at the airfoil leading edge and coinciding reattachment at some point
downstream. The reattachment location moves downctrearm along the airfoil surface
as the angle of attack is increased, creating what is known as a long separation
bubble. This concept will be elaborated on in a later section. The third kind of

stall is trailing edge stall, which involves the foiward movement of a turbulent




separation point from the trailing edge. This kink of stall occurs on unsteady
airfoils.

For all Reynolds numbers, the flow over a static airfoil separates at 2
sufficiently high angle of attack (Zaman and McKirtzie, 1891) At Reynolds numbers
below about 100,000, extensive separation on the upper airfcil surface may oe
possible even at low angles of attack. For these cases, the laminar boundary layer
fails to overcome the adverse pressure gradient and separates, forming an
unattached free shear layer. According to Mueller and Batill (1982), the lift and
drag on a static airfoil increases as R . increases. The angle of attack corresponding

to airfoil stall also increasecs, but only slightiy.
1.4  Characteristics of Unsteady Airfoil Flows

Experimental investigations into the unsteady separated regime date back to
the early 1930’s. Looking at the effects of a single gust on airfoil performance,
Kramer (1932) found that increases in lift were possible as the angle of attack
changed. Dy vaiying
he discovered that the maximum lift increased at a linear rate. Lippisch (1935) was
successful in obtaining smoke flow visualization of an airfoil pitched in a constant
freestream. Although he noted a delay in upper surface flow separation past the
static stall angle, there is no indication of the formation of a leading edge vortex.
Unrsteady airfoil flows are characterized by a reduced frequency, whose concept was

developed by Birnbaum (1923). Today this frequency is referred to in the literature

regarding constant-rate pitch studies as a non—dimensional pitch rate, a+, defined

as c'rc/Um, where @ is the actual pitch rate, ¢ i the airfoil chord length, and U is
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the freestream velocity. Cook (1987) showed that, for inertia force dominated flows,
the non—dimensional pitch rate could provide effects that are orders of magritude
greater than the Reynolds number effects.

In contrast to the early work in Germany, American efforts at the time
concerning unsteady separation experimentation focused towards practical aircraft
applications. Silverstein et al (1938) explored the changes in lift coefficient of an
aircraft pitching at constant rates. Significant increases in maximum lift coefficient
were found in both wind tunnel tests and flight tests using the same full scale
aircraft pitched at an equivalent non—dimensional pitch rate of 0.01. Harper and
Flanigan (1948) extended this work into the compressible range using a comparable
non—diwensional pitch rate. Close corroboration was found between flight tests of &
full scale aircraft and wind tunnel tests of a 1/20 scale model. They also noted that
the transitory increases in lift with non—dimensional pitch rate varied with the
Mach number.

Although significant in their results, these first investigations into the
unsteady realm failed to address the actual physics of the flow lecading to the
enhanced lift. The majority of interest in constant rate pitching evolved from
unsteady separation on helicopter rotors. Ham and Gardlick (1968) first explored
the physical cause for dynumic stall, attempting to explain the extreme transient
mechanical loads imposed on helicopter blades during linear attitude changes.
What they found was that the peak lift was primarily a function of pitch rate, with
the angle of attack at which dynamic stall occurred dependent primarily upon the
pivot point of the airfoil,

Recent efforts have concentrated on evaluating the initiation and the growth

of the dynamic stall vortex and the extensive variations in ¢he upper surface
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pressure field that accompany it. Francis and Keesee (1985) conducted an analysis
of the pressure field on a corstantly pitched airfoil. They found that, although there
is significant dependence on non—dimensional pitch rate, the qualitative features of
the surface pressure ficld are similar in various dynamic stall cases. At attack
angles lower thaun the corresponding static stall values, the configuration of the
pressure distributions resembles quasisteady (static) flow, except for a lag in
pressure coefficient magnitudes. As the angle of attack passes the static stall point,
the pressure distribution for an attached flow persists, again with pressure
coefficient magnitudes in excess of steady flow values. The peak in pressure
magnitude detaches from the leading edge region and moves downstream along the
upper airfoil surface as the angle of attack continues t0 increase. Comparing the
behavior of the upper surface pressure field with flow visualization data by Walker,
Helin, and Strickland (1985) reveals that the pressure coefficient peak position
corresponds approximately to the location of the dynamic stall vortex center on the
airfoil surface. This was confirmed by Albertson, et al (1987) in a digital image
analysis stvdy tracking vortex movement over the airfoil.

The manifestation of these increased pressure coefficient magnitudes for
unsteady airfoil flow resulis in accentuated lift and drag values as compared to
static cases. Lift coefficients more than double the static stall values have been
determined for non—dimensional pitch rates as low as 0.05 (Carr, et al, 1977,
Albertson, Troutt, and Kedzie, 1988). Drag coefficient values were found to
increase correspondingly, although analysis of the lift to drag ratios showed airfoil
performance enhancements well above static airfoil experirents.

The non—dimensional pitch mte,a*', has been identified numerous times as a

characteristic descriptive parameter for dynamic stall flows. The variation in the
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flow field with respect to ot

can be categorized into three areas: 1) flow
visualization, 2) surface pressure measurements, and 3) surface velocity field
measurements. In a comprehensive flow visualization analysis, Walker, Helin, and
Strickland (1985) found that increasing o’ from 0.2 to 0.6 both delayed flow

separation and dynamic stall vortex formation. In addition, at the higher at

value,
significant secondary vortical! structures appear. Albertson, ct al (1987) used digital
image analysis to quantify the growth and movement of the leading edge vortex

with respect to angle of attack. They determined that, for both at

values of 0.1
and 0.2, the dynamic stall vortex experiences a short period of slow growth,
suggesting a quasi-stable period, followed by rapid growth and eventual vortex
detachment. The angle of attack at which the vortex commences enhanced growth
coincides closely to the point when dynamic stall occurs. It was also ascertained
that the commencement of rapid vortex growth coincides with the attack angle at
which the vortex center is located approximately over the quarter chord posiiion.
This connection has not been studied further to date.

The effect of non--dimensional pitch rate change on the upper surface
pressure field has been the subject of several pressure surface studies. Experimental
analyses performed by Walker, Helin, and Chou (1985) indicated that lift
enhancement associated with the unsteady airfoil motion magnifies with iucreasing
pitch rate. Observing the flow over a range from at =0.05t0 0.6, they determined
that both the magnitude of maximum lift and the angle of attack at which it occurs
(dynamic stall angle) increase with ot As expected, an increase in the initial slope
of the lift coefficient curve accompanies these trends. Francis and Keesce (1985)
+

showed that the relationship between the maximum lift coefficient and o over a

pitch rate range from zero to 0.4 follows the same trend as the attack angle at which
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dynamic stall occurs. Strickland and Graham (1986) introduced a stall delay angle,

defined as:

AaN stall = “N dyn. stall ~ %static stall

where ay dyn. stall is the angle of attack corresponding to dynamic stall and
Qgiatic stall is the angle of attack corresponding to static stall. Dynamic stall is
defined as the angle of attack at which the separation point reaches the leading
edge. They found that the stall delay angle at the nose, Aay stalj’ 18 proportional
to the square root of the non—dimensional pitch rate. Based upon research that the
maximum lift coefficient follows the same trend as the pitch angle corresponding to
dynamic stall, it can be deduced that C; .. should follow the same trend. This
has not been analyzed.

The connection between the surface velocity field over a constantly pitched
airfoil and the non—dimensional pitch rate was investigated by Walker, Helin, and
Strickland {1985) and by Walker and Chou (1987). Walker, Helin, and Strickland
discovered reverse flow velocities directly under the dynamic stall vortex to be over
140% U_ for an o of 0.2 and over 210% U_ for an a¥ of 0.6. It was also noted
that the leading edge vortex initially produces a much higher reverse flow velocity
than the trailing edge vortex does. Walker and Chou confirmed these results, and
additionally disclosed that the upper surface velocity reaches a sub—peak
corresponding to the point of dynamic stall vortex initiation, and then resumes an
increasing trend rapidly to the primary velocity peak.

It has been demonstrated that the airfoil pivot location has a substantial

effect on the unsteady flow field development. Helin and Walker (1985) found that
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as the pivot point moves downstream along the chord, the onset of dynamic stall is
delayed. The subsequent rapid development and movement of the vortex over the
airfoil has no appreciable qualitative variation with pivot location. Stephen, et
al (1989) confirmed that the flow develops independently of pitch axis location after
the leading edge vortex forms. In their comparative study of a two—dimensional
NACA 0015 airfoil pitched about axes from half a chord length forward of the airfoil
to half a chord length aft of the airfoil, they determined that the size of the vortical
disturbances are similar.  This indicates that the vortex strength may be
comparable in each case. Although moving the pitch axes aft does delay the flow
deveiopment, the magnitude of the pressure peak and thus of the aerodynamic

pressure forces decreases. In both the non—dimensional pitch rates studied, ot =

0.1 and 0.15, the delay due to an increase in o™

was greater than the delay due to
changing pitch axis. The trade off between dynamic stall delay and enhanced airfoil
performance has not been thoroughly investigated to date.

The choice to study a two—dimensional, NACA—0015 airfoil under static and
constant—rate pitched conditions in this study bears explanation. Numerous studies
have been conducted on both constant—rate and oscillating airfoils, such that the
airfoil performance is well documented. While an oscillating motion is the most
likely to be applied in a practical situation, it induces somewhat complicated phase
effects into all airfoil parameters. Specifically, the development of vortical
structures is much more involved for the oscillating case due to phase relationships
with airfoil motion (Klinge, Schreck, and Luttges, 1990). A constant-rate motion is

chosen here to eliminate these phase relationships and simplify free shear layer

structure development. It is felt that a clear understanding of this less complicated

flow is necessary prior to extension to oscillatory motions.
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The choice of the two—dimensional NACA—0015 airfoil is similarly due to the
reed for flow simplicity. In a comprehensive experimental study of unsteady flow
over varying types of airfoils, Gad—el—Hak and Ho, (1986) discuss the variation in
flow characteristics due to airfoil configuration. On a rectangular wing with a sharp
lsading edge, a secondary, counter—rotating vortex is present upstream of the
dynamic stall vortex. These two structures interact with each other as the angle of
attack changes. With 2 blunt leading edge, NACA—0012 wing, there is no
counter—rotating vortex. On a swept wing,the leading edge separation vortex
(dynamic stall vortex) is stationary for a portion of the pitch cycle. Each of these
cases demonstrates vhe complexity of unsteady flows over wings. Keeping the
experiment confined to a symmetrical, two dimensional airfoil allows concentration
on the forcing effects applied to the development of the dynamic stall vortex
specifically. This vortex plays a key role in both two and three—dimensional flows.

The preceding discussions concerning dependence of airfoil aerodynamic
performance and flow complexity on varying parameters and those considered in
this study can be summarized by the functional relationship P = F(a, a+, Rc’ pivot
location, airfoil shape, flow dimensjonality, and comtrol parameters), where P
represents both airfoil qualitative and quantitative behavior. Table1 gives an
example of the specific dependence on the varying flow parameters. As discussed in
Carr (1°88), moving tlie pitch axis rearward produces some similarity to increasing
the pitch rate, in that the formation of the dynamic stall vortex is delayed to a
greater angle of ai'ack. However, there are significant variations in vortex
dynamics. Increacing the pitch rate itself results not only in the delay in dynamic

stall vortex gencrution but in a delay in stall with respect to angle of attack and an

increase in maximum lift and drag coefficients. Walter and Chou (1987)
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determined that the chord Reynolds number effects are secondary to changes in the

flow due to alterations in the non—dimensional pitch rate at

at Reynolds numbers
below 150,000.

Carr also discusses the three dimensional effects on dynamic stall. Numerous
dynamic stall characieristics are similar on two and three—dimensional airfoils, but
there are important differences which must be considered. Structures generated on
the tips of osciilatiig and constant—rate pitch wings can at times, depending on
airfoil geometry ard pitch rate, interact substantially with the dynamic stall vortex
and alter both the qual::ative and quantitative nature of the flow. The study here
focuses only on the effects of control and angle of attack changes, simplifying the
flow so that a basic understanding of static and dynamic control can be obtained.
The reader is referrad to McLaughlin (1992) for a detailed functional relationship of

the specific prramuters involved in constant-rate and oscillating airfoil flows.
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1.5 Active Contro: of Free Shear Flows

Although significantly more energetic and complex, the unsteany flow around
a constantly pitched, two—dimensional airfoil in part bears resemblance .o {ree shear
flows. The laminar free shear layer is susceptible to small perturbatious via the
Kelvin—Helmholtz instabilities. The two—dimensional waves grow exporn:ntially
with downstream distance and roll up into vortices (Ho and Huerre, 1984). Prior to
formation of the leading cdge stall vortex in the case of a constantly pitching airfoil,
large—scale vortical structures appear in the interface layer between the unsteody
boundary layer and the viscous separation region on the upper airfoil sutface
(Conger, 1992). Since the instability nature of a free shear layer can be manipulated
to either reduce or enhance large—scale stiructure development (Oster and
Wygnanski, 1982, and Wu, Wu, and Wy, 1992), a control method successful in
affecting the large scale structure free shear layer is a reasonable idea to evaluate.

The plane mixing layer was first shown to contain large scale structures by
the experiments of Brown and Roshke (1974). Winant and Browand (1974) added
that the growth of the mixing layer was due to the propagation of the instahility
waves, which then roll up into discrete two—dimensional vortex siructures. The
subsequential growth of the mixing layer is due to the interaction between these
large scale vortex structures, known as '"vortex pairing". The vortical nature of
these large scale structures was confirmed by Browand and Weidman (1976).
Numerous studies have quantified the frequency associated with the initial
instability occurring at the trailing edge of the splitter plate (Ho and Huang, 1982,
Oster and  Wygnanski, 1982, Monkewitz, 1988, and  Tordella and

Christiansen, 1989). Browand (1986) showed that the initial instability frequency
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fluctuates in time by as much as 10%, and that there is actually a broad band of
frequencies present.

The spanwise nature of the large scale vortex structures in plane mixing
layers has been the subject of numerous investigations.  Browand and
Troutt (1980, 1985) showed that the structures are initially aligned in the spanwise
direction.  Pairing interactions do introduce three—dimensional distortions of
spanwise nature, but these disturbances disappear as the pairing process is
completed and the structures regain their spanwise alignment. A flow visualization
study on the evolution of streamwise vortical structures in a plane free shear layer
done by Lasheras, Cho, and Maxworthy (1986) found evidence of streamwise
vortical structures. These streamwise vortices were a result of the unstable response
of the shear layer to three dimensional perturbations. In a mixing layer without
these upstream disturbances a primarily two dimensional structure was maintained.

It has been conclusively demonstrated that the large scale vortex structures
present in the mixing layer can be modified by external forcing. Ho and

Huang (1982) and Ostcr and Wygnanski (1982) showed that the pairing interactions
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by introducing coherent perturbations at the initiation of mixing. By controlling
the pairing interactions, the spreading rate of the mixing layer can be enhanced or
inhibited, in some extents even changing the signs of the Reynolds stress values and
reducing turbulent encrgy. Ho and Huang (1982)specifically determined that the
. mechanisms by which vortex pairing is controlled depends upon the frequency at
which the flow is controlled. They found that forcing the flow at the fundamental
frequency inhibits large scale structure* pairing, forcing at one half the fundamental

frequency causes two vortices to pair at once, forcing at one third the fundamental

—




frequency causes every three vortices to eventually coalesce, and so on. Ho and
Huerre (1984) give a comprehensive study of the modification of large scale
structures by acoustic forcing. The methods of vortex pairing control has been
extended to include the shear layer of a reattaching, scparated flow. Troutt,
Scheclke, and Norman (1984) verified that large scale structures similar to those
present in the mixing layer are also characteristic of the reattaching, separated flow
over a downstream facing step. Bhattacharjee, Scheclke, and Troutt (1986) and
Roos and Kegelman (1986) explored control of the flow over a downstream facing
step using two separate control mechanisms.  Bbattacharjee, Scheelke, and
Troutt (1986) used a hot—wire probe to ascertain the fundamental frequency
associated with the initial instabilitiecs. Power spactra of the signal yielded a broad
peak that gradually shifts towards lower fiequencies wiih downsiream position.
This shift is attributed to the large—scale vortex amalgamations occurring in the
separated shear layer. Acoustic forcing at the fundamental initial vortex passage
frequency produces a sharp spike in the power spectra at the natural flow
frequency. This coincides with increased temporal and spatial correlation in the
spanwise flow and a considerable reduction in rcattachment length. Forcing
between Strouhal numbers of 9.2 and 0.4 is the most effective forcing range over a
large range of Reynclds number. Strouhal number, St, is defined as the frequency,
multiplied by the characteristic length and divided by the free stream velocity.
Roos and Kcgelman (1986) confirmed these resulis using an oscillating flap at the
step edge to excite the flow.

The key assumption in this research effort is that, since the initial
reattaching, separated region over the upper airfoil surface resembles a {ree shear

layer, it should be possible to actively control it by methods proven successful in
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controlling the free shear layer. ‘I'he active control means reviewed in the previous
pages have been shown to manipulate pairing of the shear layer vortices, growth of
the shear layer, and reduction of the reattachment length in reattaching separated
flows. Forcing applied to the reattaching separated layer over a static airfoil has
delayed stall and enhanced lift (Gad—el-Hak and Bushnell (1991). Since it has been
determined that the lift enhancement and stall delay associated with dynamic flows
embodies itself prior to the development of the dynamic stall vortex (Albertson,
Troutt, and Kedzie, 1988), it follows that the initial unsteady separation region,
prior to dynamic stall vortex formation, is what must be focused upon when
evaluating active controls. It is necessary for initial stall to have occurred, since it
is the separating boundary layer, or shear layer, that is the focus of the proposed
research analysis.  Furthermoie, it has beecn determined that active control,
specifically acoustic forcing, modulates a frec shear layer by manipulating the free
shear layer itself, and not the upstream boundary layer (Zaman and Rice 1992).
Therefore, it is concluded that, by linking the control frequencies with the initial
Kelvin—Helmholtz instability frequencies, active forcing can be successfully applied
to a two—dimensional, constantly pitched airfoil.

The nature of the frequencies associated with the wake from a static lifting
surface has been explored previously. WRoshko (1954) found that a universal
Strouhal number based on wake frequencies has the value of St = 0.15-0.18, with
the corresponding angle of attack—modified Strouhal number being represented by
St = fcsina/Um, where f in this case corresponds to the frequency associated with
the large scale structures emanating from the wake. Katz (1981) showed that the

iarge scale wake structures generated by a NACA—-0012 airfoil are shed at an angle

of attack—based Strouhal number of approximately 0.18.
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Several experimenta! analyses have been performed on static airfoils under
varying control conditions. Ahuja and Burrin {1984) uscd high frequency external
acoustic control cver a cambered airfoil to improve lift coefficients by over 50%
relative to natural conditions. The most effective frequency was noted to be a
multiple of the fundamental flow frequency as:nciated with the shear layer
instabilities. By internal.y injecting acoustic forcing near the fundamental flow
frequency, Collins (1981) was able to partially reattach the upper surface separation
and increase lift coefficients by 20%. Maestrello (1986) confirmed this with external
acoustic forcing, and in addition determined that velocity perturbation magnitudes
in the region of transition could be reduced significantly. An alternate forcing
method employed by Bar—Sever (1989) involved an oscillating wire on the airfoil
surface. This was successful in reducing separation and enhancing the static lift
coefficient magnitudes.

Zaman, Bar—Sever, and Mangalam (1987) were able to reduce laminar
separation completely by low frequency (St < 5) external acoustic oscillations over a
smooth airfoil. In addition, lift enhancements were achieved with large amplitude,
high frequency excitation (St = 4-25) in the post—stall iegime.  Tunnel
cross—resonances induce large transverse velocity fluctuations near the airfoil that
enhance the separation control. However, these fluctuations would not be present in
the open flow over an aircraft in actual flight. The authors suggest that the
excitation mechanisms which produce reduced separation must hinge on the
instability of the separated shear layer, but are also be influenced by the presence of
the solid boundary and the separation location.  Huang, Maestrello, and
Bryani (1987) discovered that the shear layer was extremely sensitive to sound

excitation in the vicinity of the separation point. In their study of internal acoustic

—
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excitation of a static airfoil, they also verified that the most beneficial forcing
frequencies are those of the instability waves. Forcing at the fundamental shedding
frequency or its harmonic increases entrainment in the early part of the shear layer
and drastically reduces the extent of separation. Zaman and McKinze (1991)
developed a modified Strouha! number, represented by St/ Rcl/2. They determined
that the optimum forcing effect occurs when the modified Stroulal number, based
on the excitation frequency, falls in the range 0.02—0.03. In addition, detailed
flowfield data indicated that a separation rcgion still exists under forcing. This
suggests that the excitation imposed perturbation effects on the downstream shear
layer and not on the upstream boundary layer. Hsiao, Shyu, and Chang (1990)
confirmed that at low frequency forcing, which would have been in the range of free
shear layer fundamental frequencies for their experimental parameters, relied on
enhancement of the free shear layer instability for separation control. At greater
frequencies, the acoustically induced transverse velocity fluctuations played a
greater role.

A second control methodology explored in this research project involves
¢cn applied successfully by numerous researchers
to simulate the enhanced lift created in unsteady flows. The initial interest .n this
particular method of control arose from the need to manipulate the flow over static
delta wings, which are characterized by continuing leading edge vortex growth and
breakdown. Both Bradley and Wray (1974) and Campbell (1976) found that
blowing a stream of high—pressure air over a wing surface, parallel to the leading
edge, delayed leading edge vortex growth and thus the deleterious effecis of vortex

breakdown at the higher angles of attack. This delay ‘s accompanied by lift

increases of up to 50% over uncontrolled flows. The delay of vortex breakdown
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postpones static stall of the lifting surface as well. Seginer and Salomon (1986) uscd
spanwise blowing over a canard—wing configuration for static augles of attack to
augment both lift and lift—to—drag ratios, and delay static stall.

Using a slightly different means, Roberts, et al (1988) and Wood and
Roberts (1988) used tangential mass injection through a slot along the leading edge
of a static delta wing. Direct control of the primary scparation allows significant
control of the vortex flow up to sixty degrees angle of attack. The primary effect of
tangential leading edge blowing is to reduces the strength of the vortical flow,
resulting in an extended regime of stable, controlled vortical flow over the upper
surface of the wing. In addition, the separation line relocates to an in—board
position under the forcing.

Successful attempts have been made to control unsteady flows such as the
one discussed here. Carr and McAliste. (1983) used a leading edge slat on an
osciliating airfoil to produce a flow that remains attached to the airfoil for angles of
attack well above those characteristic of the natural flow. The dynamic stall was
significantly delayed, while, at the same time, the severity of the stall was reduced.
Lutiges, Robinson, and Kennpedy (1985) were able to obtain similar results by
introducing single air pulses through a two—dimensional slot located at 0.2c on an
oscillating NACA 0015 surface. The flow control was cffective only when the pulse
corresponded to periods of high shear and large accumulations of vorticity. The
nrimary difference between these studies and the research summarized here is that
the current control methods are tied to the natvral characteristics of the flow. Since
the grcatesi enhancement to airfoil performance characteristic occurs prior to
dynamic stall vortex formatior, and the flow prior to the vortex resembies that of a

reattaching, separated flow, it follows that proven control techniques which affect
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the vortical nature of a shear layer will also be snccessful in controlling the
pre—vortex dynamic flow. Thus, a clear understanding of an actively controlled
static flow is obtained first. The results from the static analysis are then applied to
a dypamic airfoil to obtain a preliminary evaluation of control effects on unsieady

airfoil separation and stall.
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CHAPTER TWO

RESEARCH OBJECTIVES

The purpose of this effori is to experimentally investigate the nature of the
separating boundary layer on a two—dimensional airfoil, and to determine the effects
of active contzol on airfoil flow characteristics. This investigation focuses first on a
static airfoil and then extends the results to a dynamic airfoil. The results are used

to evaluate the following;:

2.1 Static Airfoil

. The value of the fundamental forcing frequency and its relationship with

large--scale wake structure frequencies.

. The nature of the large—scale structures present in the separating boundary
layer.
. The effects of active control on the transient nature of the separating

boundary layer.

) The effects on flow separation/reattachment and aerodynamic performance

due to active control.
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Dynamic Airfoil

The extent of flow similarities between a static airfoil separation region and

the pre—dynamic stall vortex dynamic airfoil separation region.

The active control efficiency in delaying dynamic stall vortex formation and

enhancing airfoil aerodynamic performance.

The control effectiveness on reducing the severity of dynamic stall.
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CHAPTER THREE
EXPERIMENTAL METHODS
3.1 Introduction

A qualitative and quantitative understanding of an actively controlled,
two—dimensional airfoil is obtained using three experimental methods. These
methods include hot--film anemometry, surface pressure measuremenis, and flow
field visualization. 'The hot—iilm anemomectry is used to evaluate the large—scale
nature of the flows under natural and forced conditions. The surface pressure
measurements allow determination of airfoil performance avgmentation due to
active control. Flow ficld visualization yields a concise qualitative description of the
flow which, when tied to the quantitative data, gives a more comprehensive picture
of the flow mechanisms involved.

The experiments are conducted in the Frank J. Seiler Research Laboratory’s
open return, low specd wind tunnel at the U. S. Air Force Academy. The wind
tunnel has a 0.91 m x 0.91 m test section designed for use with flow visualization
and flow sensor measurements. The speed range of the facility is 3 — 35 m/s, with
turbulence intensity levels below 0.5%. A NACA—0015 airfoil with a 15.2 cm chord
and a 61.0 cm span is used for all tests The pivot location in the dynamic
experiments is 25% of the chord. The experiments covered here include the two
chord Reynolds numbers of 24,000 to 57,000. The associated non—dimensional pitch

rate, a+, 15 0.05. The model support allows constant pitching between 0° and 90°,

with the mechanism being controlied using a MassComp MC 5500 microcomputer.
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Since this study coacentrates on the effects preceding and including the dynamic
stall vortex development, the airfoil is only pitched from 0* to 50°. By an angle of
attack of 50°, the dynamic stall vortex has formed and detached from the airfoil

surface for the non—dimensional pitch rate explored.

3.2 Flow Visualization

A visualization investigation of all flow conditions must be made to evaluate
the flow as it transitiors from a separating shear layer to a dynamic stall vortex.
To accomplish the visualization, smoke is injected into the flow, and illuminated
such that the smoke scatters a greater amount of light than that scattered by the
background. For this experimental effort, smoke is introduced using 2 smoke wire.
This creates a discrete plane of smoke tubes, yielding a two--dimensional view of the
flow. The smoke wire technique developed by Helin and Walker (1985) is employed.
Theatricsl fog fluid is applied te a horizontal 0.127 mm tungsicn wire, leaving fine

droplets almost uniformly along the wire. The smoke wire is located at mid—span,

30 cm upstream of the airfoil. A current a
producing fine streakiines acrcss the test section. This method results in a clear
smoke outline of the unsieady separation region and the dynamic stall vortex as it
forms on the airfoil surface. A schematic of the flow visualization design is shown in
Figure 3—-1.

The visibility of the smoke depends upon the amount of light being scattered
by the smoke particles themselves. Maximum efficiency results »hen the smoke is
illuminated by direct tight. If other parts of the test scction are illuminated with

too great a level, the Lackground refections may overpower the reflections from the
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smoke. To accomplish the right balance, the lighting for the wind tunncl is
provided by EG&G Strobebrite strobe lights. These high—intensity arc—lamp strobe
lights are synchronizcd with a 35 mm still camera to illuminate the streakline flow
at the desired point in the piiching cycle or at the appropriate static angle of attack.
The strobe lights have an aversge 7 us flash duration, which freczes the flow.

Visual records of the flcw are obtained using still photography, accomplished
with a Nikon FE-II camera an¢ 3 Micro Nikkor 105 mm lens. A trigger box allows
synchronization of the camers wih the strobe lights, smoke wire, and the pitching

mechanism to vield pbatepraphs at a given desired instant in the flow.
3.3  Hot-film Anemometry

A key element in this study is the detcrmination of the shear layer structure
behavior in both the controlled and natural flows. Before active control can be
aprlied to the flow, the fundamental forcing frequency of the separated static airfoil
shear layer must be determined.

Tha flaw L daen
i

. - 1 e d £
he flow undor both natural ana

ccd condiilons was analyzed using a
single hot—film probe placed at the 5.0% chord location and at different distances
irom the airfoil surface. A flow chart in Figure 3—2 outlines the data acquisition
process. The signal from the probe is passed thro.ugh a TSI Model 1054A
ancrmometer, with the probe frequency response set at 1000 Hz. A Tektronix 7A22
differcntial amplifier allows amplification of the probe sigral. The signal from the
probe is then passed through a Kronhite 3103 variable electronic filter to attenuate

frequencies above 500 Hz. The filtered signal is trangmitted both to the MassComp

data acquisition card for storage and an HP signal analyzer for real time
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observation. The flow is sampled at a frame frequency of 1000 Iz for use in spectral
calculations and 15,000 for direct time trace observation. Hot—film measurements

for the dynamic case of at

= (.05 are taken at a frame frequency of 2,000 and
ensemble averaged over five data runs to increase repeatability. Error bars are

indicated where appropriate.

3.4 Flow Modification

Flow modification is accomplished by two means, external acoustic forcing
and internal tangential-pulsed air blowing. The flow is forced at the fundamental
forcing frequency and iite corresponding subharmonics. The e..ternal acoustic
control, shown in Figure 3-3, is supplied externally to the airfoil by a speaker. A
220 Watt woofer, mounted as shown, is controlled with a sinc wave generator at
frequencies between 10 HZ and 300 HZ. The signal is amplified by a Crown PS—400
Dual Channel power amplifier, with the sound being transmitted through a ducting
system to a location over the leading edge region of the airfoil. Five centimeter
diameter PVC pipe is used to conduct the acoustic control, supplying the signal
with minimum distortion. Forcing amplitude, measured by a microphone placed at
the pipe exit, is kept at a constant 0.05 rmg volts.

Internal tangential-pulsed air control is accomplished through three
downstream facing slots located on the upper surface of the airfoil. The slots are
1.6 mm. wide and cover 47.7 cm., or 75%, of the span. Shown in Figure 3—4, the
system employs six solenoid valves capable of pulsing between zero and 45 HZ. The

valves are contrelled through a timing circuit by a square wave generator.

Compressed air is supplied at 30 psi through the valves using tygon tubing, resulting
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in a pexk injeciion velocity of 8.5 m/s. A sample velocity time trace of the air
exiting the slot is shown in Figure 3—5. The multiple signal exiting the slot could
be due at least in part to the fact that the air is injected into both ends of the airfoil
simultaneously, and may be interacting before reaching the slot exit. The blowing
momemum coefficient, C#, is 0.01 for a chord Reynolds number of 57,000 and 0.07

for a chord Reynolds number of 24,000.
3.5  Pressute Measurcments

Information concerning airfoil lift and drag under natural and forced
conditions is necessary to c¢valuate the rractical effectiveness of the active control
methods being analyzed. Instantaneous surface pressure measurements are obtained
using an Endevco 8507—2 miniature pressure transducer mounted to a connector.
This connector can be attached to tubes running from pressure taps on the airfoil
surface. Each tap location is tmeasured individually, with the resuits being ensemble
averaged over twenty data runs to ensure accuracy. Fourteen ports are located on
the airfoil surface at locationy shown in Figure 3—6. Lower surface measurements
are obiained by pitching the airfoil in the opposite direction. The instantaneous
pressure information from the sensor output is acquired in a digital format and is
then processed and displayed using computerized data analysis techniques. The
MassComp MC—5500 microcomputer is used for both the data collection and the

data reduction. Error bars are indicated where appropriate.
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CHAPTER FOUR

ACOUSTIC CONTROL RESULTS — STEADY

41  Determination of Fundamental Frequency

The fundamental frequency discussed here is defined as the frequency at
whick the flow is most receptive to forcing. Specifically, it is that control frequency
which imparts the maximum amplification on the free shear layer power spectra
(Crighton, D. G., 1981). The first step in determination of the fundamental
frequency is identifying the edge of the separating boundary layer. Since the
objective of this stcp is to determinc the frequency at which the large—scale
structures in the free shear layer are most susceptible to the forcing, it is necessary
to evaluate the flow at the spatial location exhibiting the clearest structure
representation (Browand and Troutt, 1980 and 1985).

The relationship of the unforced flow characteristics with distance from the
airfoil surface is shown in Figure 4—1 for a chord Reynolds number of 57,000 and an
angle of attack of 20°. The velocity traces cover a one second time period, and are
measured on the upper airfoil surface at the 5% chord location. At locations close
to the airfoil, both Y/C = 0.003 and Y/C = 0.006, the turbulent nature of the flow
indicates that the hot—{ilm probe tip is inside the free shear layer anu is
experiencing the increased circulation from vortical structures. At Y/C = 0.010
from the airfoil, the turbulent nature has diminished somewhat, allowing a clearer
distinction between individual structures. The increase in average velocity

magnituda alsc suggests thai the probe tip is nearer to the edge of the {free—shear
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layer influence. It is at this location where measurements of the natural and forced
flow are obtained. Further away from the airfoil, the average velocity magnitude is
still higher than the freestream, but virtually all definition of tbe large scale nature
of the flow has been lost.

The next step in the process is to ascertain the value of the most receptive
forcing frequency. As determined by Crow and Champagne (1971) and
Kibens (1979), when forcing is tuned to the initial shear layer’s frequency for
raaximum amplification and the corresponding subharmonics, tones are produced in
the power spectra at the forcing frequencies. All other broadband levels are
suppressed by the excitation. This principle is affirmed in the powar spectra shown
in Figure 4-2. The flow at a chord Reynolds number of 57,000 and & static angle of
attack of 20° is acoustically forced at frequency increments of 15 Hz. A broad
spectral peak is apparent in the flow forced at 20 Hz, with the power concentrated
at the forcing frequency of 20 Hz. Increasing the forcirg frequency to 35 Hz results
in a lower spectral peak. By 50 Hz, the forcing has virtually no effect on the flow.
Forcing the flow at 65 Hz has a drastically different effect on the flow. It is clear

! that this band produces a significant power amplification, and in addition suppresses

the majority of the spectral peaks elsewhere in the range shown. Forcing at 80 Hz

and above has little effect on the flow.  This information is summarized in
Figure 4-3, which shows the peak power values corresponding to the forcing
frequencies. Local maxima at frequencies of 20 Hz and 30 Hz and the spectral
maximum at 65 lz indicate that the most receptive forcing frequency is indeed
65 Hz. As indicated by Crighton (1981), spectral tones occur at the excitation
frequency corresponding to maximum free shear layer spectral amplification, 65 Hz,

and at the corresponding subharmonics of approximately 1/2 and 1/4 that
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frequency. Deviation in the exact value of the subharmonics could possibly be due

to experimental error.
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42  Acoustic Manipulation of the Separating Boundary Layer

The acoustically forced flow on a static airfoil at 10* angle of attack and a
chord Reynolds number of 24,000 is shown in Figure 4—4. At this pre—stall angle of
attack, it is difficult to discern large—scale structures in the velocity fluctuations for
the natural case. The corresponding power spectra exhibit peaks corresponding
primarily to electronic noise. When the flow is forced at the most receptive
frequency of 90 Hz, the velocity fluctuations are forced to conform to that
frequency. The power spectra shows the flow receptiveness to that forcing value,
with the primary peak occurring at 90 Hz. Reducing the control frequency to the
first subharmonic of 45 Hz increases velocity fluctuations in the free shear leyer, but
a clear pattern cannot be determined.

When the angle of attack is increased to 15°, there is a slight peak near
60 Hz, which upon further analysis is determined to be the maximum amplification
frequency. Forcing at this frequency of 60 Hz results in a regular velocity
fluctuation at the control band, as shown in Figure 4-5. The normalized power
5 a significant peak at 60 Iz, confirming flow response. Pasi studies
of controlled free shear layers have shown that when the forcing frequency
corresponds to the natural shear layer vortex passage frequency, defined herein as
the most receptive flow frequency, the shear layer time trace takes on a regular form
corresponding to that control frequency (Oster and Wygnanski, 1982). Forcing the
flow at the first subharmonic of 30 Hz results in velocity fluctuations of a greater
magnitude than the fluctuations at 60 Hz, and a slight conformation of the flow
frequency to the control frequency. It should be noted at this juncture that a slight

spectral peak appears at angles above 10* at 15 Hz, and does not change with airfoil
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orientation. Although this bears further analysis, it is beyurd the scope of this
investigation.

The controlled flow at angles of attack of 20, 25°, and &' are shown in
Figures 4—6, 4—7, and 48 respectivcly. In each case, there is o Lioxd spectral peak
around 20 Hz present in the natural flow. This peak increases ia wagnitude with
angle of attack. Forcing the flow at the determined fundamentai frequency of 20 Hz
results in regular, amplified velocity fluctuations at thai value. Corresnondingly,
forcing at the first subharmonic of 10 Hz leads to bimoda! velocity
fluctuations,exhibited by a smooth sub—peak preceding a greater sharp peak, and a
dominant spectral peak at the forcing frequency. Kamalu, (1989), stated that the
characteristic velocity time trace of a free shear layer forced at the first
subharmonic of the fundamental frequency manifests itself in a bimodal form.
According to Ho and Huang (1982), subharmonic flow amplification causes free
shear layer vortex pairing. The noticeable peaks at 30 Hz and 60 Hz are believed
due to electronic noise.

The fundamental frequency for a static airfcil decreases with increasing angle
of attack, as summarized in Figure 4-9. The static flow at a chord Reynolds
number of 24,000 is forced at the fundamental frequency over attack angles ranging
from 10° to 30°. The amplitude of the conirolled velocity fluctuations increases
with angle of attack, indicating an enhanced flow receptiveness to the forcing. The
fundamental frequency does not change past an angle of attack of 20°, and control
ai higher angies of attack resulis in the same regular signal corresponding to the
fundamental frequency. Since the airfoil reaches its stall angle at approximateiy 17°

for this Reynolds number, it is reasonable to assume that the nature of the

separated free shear layer does not alter appreciably
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at greater angles. The boundary layer separation point has reached the leading
edge, and the entire airfoil is stalled.

Additional acoustic control experiments at a chord Reynolds number of
57,000 demonsirate the same trend in the relationship between fundamental
frequency and airfoil angle of attack. At this Reynolds number however, the most
receptive control frequencies are greater than those determined at Rec = 24,000.
The fundamental frequency associated with the large-scale free shear layer
structures in a static airfoil separation region is thus dependent both on angle of
attack and freestream velocity prior to aerndynamic stall. Katz (1981) determined
that the frequency of the large scale wake structures of a NACA—-0012 airfoil could
be represented by a Strouhal number of 0.18 — 0.19, with the Strouhal number being
calculated using the equation St = f(sina)c/Um. In this case, fis the instability, or
vortex passage, frequency, ais the angle of attack, c is the chord length, and Um is
the freestream velocity.  Figure 4~10 summarizes the fundamental forcing
frequencies for the two freestream velocities determined in this analysis. In
comparison with Katz' wake results, the fundamental frequencies found at the 5%
chord location are four times that of the wake prior to airfoil stall. Above the stall

angle of attack, the frequency becomes constant, dependent only on the freestream

velocity.
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CHAPTER FIVE
INTERNAL TANGENTIAL PULSED AIR CONTROL RESULTS — STEADY
5.1  Pulsed Air Manipulation of the Separating Boundary Layer

Having determincd the fundamental forcing frequencies using acoustic
manipulation, the flow is then modified using internal tangential pulsed air control.
The rationale for using this forcing methodology lies both in its greater potential for
practical application as well as a wider range of forcing input choices. Figure 5—1
shows the flow at a static angle of attack of 10°, forced at the first subharmonic of
45 Hz, the second subharmonic of 22 Iz, and the third subharmonic of 11 Hz. For
each case, the forced flow exhibits increased velocity fluctuations over the natural
case (refer to Figure 4—4). There is a noted enhanced regularity in the flow forced
at the first subharmonic, but not at the lower frequencies. Characteristic of the
tangential—pulsed air control are the harmonics of the fundamental frequency
evident in both the velccity time trace and the associated power spactra. This is
due to the nature of the pulses exiting the spanwise slot, as shown ia Figure 3-5.

Forcing the fluw at the first, second, and third subharmonics at an angle of
attack of 15°, presented in Figure 52, results in greater flow receptivity in all three
cascs, with receptivity being defined in part by the conforming nature of the
velocity fluctuations 1o the active control. The power spectra at contro! frequency
exhibit regular, repetitive peaks at the forcing band and subsequent harmonics, with

bandwidths elsewhere being dagmpc_zd out by the control.
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The design constraints of the pulsed air control system do not allow forcing
at the most receptive freqlléﬁéﬁes for the ahove mentioned attack angles of 10° and
15°. However, this was possible for angle of attack of 20° and 25°, shown in
Figures 5-3 and 5-4 regpectively. When the control frequency corresponds to the
previously determined fundamental frequency, the velocity fluctuations take on a
regular pattern which resembles the acoustically forced cases, keeping in mind the -
input wave—form of the pulsed air. Forcing the fiow at the first and second
subharmonics of 10 Hz and 5 Hz results in a regular bimodal signal, again similar to
the acoustically forced case. The corresponding power specira contain both a peak
at the control frequency as well as its harmonics.

the change in forcing receptiveness with angle of attack 1s represented in

Figure 5--5.  Angles of attack ranging from 10° to 25" are shown forced at their
second subharmonic. It can clearly be seen that the regularity of the controlled free
shear layer, evidenced in the velocity fluctuation time traces, is enhanced as the
angle of attack increases. While the fiow appears more turbuient at 10°, in that a
clear periodic nature is not vhat apparent in the velocity trace, by 25° the velocity
changes have become clearly periodic.  As was mentioned in Chapter 4, the
boundary layer separation point moves upstream along the airfoil chord as the angle
of attack is increased, until it reaches the leading edge at approximately 17°. Since
all hot-film measurements discussed here are ohtained at the 5% chord location, it
is reasonable to expect that the flow receptivity would be enhanced at the higher
attack angles. Since separation 1s necessary for control method success, enhanced
separation would be expected to increase fiow respousiveness to the control. This
increase in flow regularity with angle of attack is also shown in Figure 5—6. The

flows at attack angles of 20° and 25° are shown for a period of one—half of a second
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under forcing conditions at the fundamental, first subharmonic, and second
subharmonic frequencics. Although change is apparent in the flow at 20° under
control conditions, it is clearly evider! that the periodic nature of the velocity at the
greater attack angle of 25° is significantly more defined, especially at the lower

subharmonics. It should be noted that the forcing frequencies at these attack angles

- are the same, since the airfoil has completely stalled at this point.




the corresponding power spectra.
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5.2  Qualitative Response to Pulsed Air Control

The next step in the research study involves a flow visualization analysis of
the tangential pulsed aix control effects on the flow over a static airfoil. Figure 5-7
shows a detail of the flow near the airfoil leading edge forced at frequencies
corresponding to the fundamental and subharmonics of the most receptive flow
frequency. As mentioned in the Experimental Mcthods chapter, forcing at
frequencies greater than 45 Hz is not possible due to the design constraints of the
pulsed air system. As such, certain flow frequencies can not be applied. The angles
of attack of 10°, 15°, 20°, and 25' are analyzed at a chord Reynolds number of
24,000. The natural flow, in row one, transitions from a primarily attached flow
containing near surface shear layer structures at 10° to one that is clearly detaching
from the airfoil surface at 15°. The flow is completely separated at an angle of
attack of 20°, and the large—scale shear layer structures developing in the separating
boundary layer can clearly be seen. At an attack angle of 25°, the shear layer
structures are less defined, but still evident.

Controlling the flow at the fundamental frequency, shown in the second row
for amgles of attack ai 20" and 25°, resulis in noticcable reattachment over the
portion of the airfoil shown. Close scrutiny of the flow at 25° reveals a disruption in
the large—scale shear layer structures that were apparent in the natuyral case. This
coincides with the results of the hot—film measurements, where forcing at the
fundamental flow frequency created a regular velocity fluctuation time trace It is
vortex pairing that causes the growth of the free shear layer, and in the case of flow
over an airfoil the free shear layer grows as the angle of attack is increased and the

cnsuing separation progresses upstream along the airfoil chord. Inhibiting the free

_
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shear layer vortex pairing over the airfoil should reduce the growth of the separation
region. Since the velocity fluctuations are repetitive for the fundamental frequency,
and do not exhibit the bimodal signal previously associated with a free shear layer
experiencing enhanced shear layer vortex pairing, the results support the results of
Oster and Wygnanski (1982) that forcing at the fundamental frequency inhibits free
shear layer vortex pairing.

The third, fourth, and fifth rows of Figure 57 correspond to control at the
first, second, and third flow subharmonics, respectively. As previously shown in
section 5—1, forcing the flow at these frequencies leads to a bimodal signal
characteristic of enhanced free shear laycr vortex pairing. Flow visualization for
these cases confirms this result. Observing the flow ai 10° and 15°, the overall
separation region over the airfoil has grown, an expected result of enhanced shear
layer vortex pairing. At an angle of attack of 20°, forcing at the first and second
subharmonics clearly causes enhanced growth of the large scale structures. Where
there were two vortices over the leading edge of the natural airfoil, there is now only

one over the controlled airfoil. Although the shear layer vortices are less defined at

-+
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Observing the same natural and cortrol cases over the entire airfoil in
Figure 5-8 yields an interesting result. While active contiol at the pre—stall attack
angles of 10° and 15° actually increasc the size of the separation region over the
entire airfoil, the pulsed air forcing at the post—stall attack angles of 20° and 25°
results in an actual reduction in the overall size of the separation region.
Comparison of the natural flow at an angle of attack of ©0° with the three
controlled cases below it in Column three shows a reduction in separation near the

airfoil leading edge, indicated by the slight curving of the streaklines towards the
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airfoil surface at approximately 2% chord. Nearer to the traiiing edge of the aitfoil,
the upper surface separasion region height 1s reduced at all three control frequencies.
At an angle of attack of 25°, forcing at the low subkarmonics generates what
qualitaiively appears to be a separation bubble cver the previously stalled airfoil,
resulting possibly in flow reattachment near the airfoil traling cdge.

The dependence of static flow behavior on forcing frequency is shown for an
angle of attack of 25* in Figure 5-9. At the higher frequencies, shown in
Figure 5 3(a) at 36 Hz and Figure 5-9(b) at 31 H., there are few effects on the
flow There is ao appreciable reduction in the separation region, and only minimal
effects of vhe shear layer vortex development. This is as expected, since it has been
previously shown that forcing at frequencies greater than the fundamental freguengy
fails 10 alter shear leyer characteristics {refer to Chapter 4). Forcing at values close
to the fundamental frequency, 22 Hz. in Figure 4--9(¢) and 18 Hz. in Figure 5-3(d),
results in cohanced flow reattachment aad a noticeable increase in shear layer
structure defindtion. Reducing the forcing fiequencies into the subharmonic range,
Figures 5-9(e-g), results in enhanced shear lazor vortex pairing and again a

sigmficart decrease in-separation region area.
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Figure 5-7. Leading edge smoke flow visualization of a static airfoil.

Pulsed air control, Rc=24,000




Figure 5-8.
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Figure 5-9.

Smoke flow visualization of a static airfoil.

control, a=25°, RC=“4,COO.

Pulsed air
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5.3  Effect of Reynolds Number on Control Response

The effect of Reynclds number on active control results is investigated for an
airfoil under tangential pulsed air forcing. Figure 510 gives an examplc of a chord
Reynolds number of 57,000 under forcing conditions for an angle of avtack of 20°.
Control frequencies correspond to the first, second, and third subharmonic of the
fundamental! forcing frequencies at this Reyrolds number. The tangential pulsed air
meckanisin limitations do not allow control at the fundamental frequency of
approximately 60 Hz. for this case. Although the flow is not as crganized compared
to the lewer Reynolds number, similar characteristics are present. For all three
for:ing hiequencies, the hot—film velocity trace exhibits a bimedasi signal as seen
previcnsly in the acoustically contiolied flow at the subh .rmome frequencies. A
shorp spike followed by a double smooth peak occurs at cach frequency. Power
spectra for these cases indicate strong speciral peaks corresponding to the forcing
freguency. confirming flow receptivencss to the control.

A comparison of the controlled fiow at cherd Reynolds numibers of 24,600

and H7,006 s given in Figure 5-11 for an angle of attack of 2 /
! o]

P
3 LR LW

fluctuations under control frequencies corresponding to the first and second
subharmonics of the flow are shown for both Reynolds numbers. At a Reynolds
number of 24,000, the normalized velocity fluctuations corresponding to the flow
control frequencies are noticeably larger thaw the case for RC = 57,000. A
neticeable difference in the time traces at the two Reynolds nummbers is that, at the
greater Reynolds number, the "bimodal” signal indicating vortex pairing contains a

double rounded peak preceded vy a spike whereas the luwer Heynolds number case is

characterized by a single rounded peak accompavied by a spike. It should be noted
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that, for all experiments discussed in this report, the level of both acoustic and
tangential-pulsed air control remained constant. It is possible that the reduced
change in velocity fluctuations at the greater Reynolds number is due at least in
part to a reduction in forcing strength with respect to freestream velocity, sinced
the blowing momentum coetficient, C‘L, at a Reynolds number of 57,000 is one
- seventh that of C# at a Reynolds number of 24,000. While the control methodology

relies on the frequency response of the flow, these results indicate a possible

dependence on control amplitude of the tangential pulsed—air blowing as well.
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54 Effect of Pulsed Air Contro! on Surface Pressures

An essential aspect of this study is to determine control effects on siatic
airfoil performance. Upper surface pressure coefficicnts are evaluated for three
locations on the airfoil, just downstream of the leading edge slot, 0.033¢ (port 1), in
between the leading edge slot and the slot at 20% chord, 0.067c (port 2}, and
downstream of the 20% chord slot, 0.283¢ (port 3). The chord Reynolds number is
57,000, Figure 5—12 gives the pressure coefficients as a function of time for an angle
of attack of 10° under natural and pulsed—air controlled conditions. For the natural
case, the pressure coefficient decreases in magnitude in the downstream direction.
Forcing the flow at the third subliarmonic creates little effect on the pressure,

~ccals

rcase in vaviation with time and an increase in pressure

except for an slight j
magnitude at port 1. Figure 5-13 clearly shows this slight enhancement of surface
Dressuie.

The effects of forcing are noticeably greater at an angle of attack of 15°,
evident in Figure 5-14. Pressure fluctuations with time have increased with the
higher attack angle, especially at port i. Fourzing at the second subharmonic of
34 liz creates a pressurc iiuctuativi at pert 1 corresponding to the forcing
frequency. Cherry, Hillier, and Latour (193" Jetermined thai peaks in pressure
time traces corresponded to the convestiun 0 - ¢ -sive "centers of vorticity" over
the pressure tap, while dips :u the negative | .« . ¢ coincided to "troughs" in
between shear layer structures. Similar pressute . {ions are apparcnt at port 2,
although the peak—to—peak magnitude has decreas . There are disturbances in the
pressure field at port 3, although they do not appea. . “-iodic. Forcing at the third

subharmonic of 17 Hz in Fi; ure 5—-15 creaies greate: .ressure fluctuations at all
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three port locations. Observance of Figure 5—16 shows that it is control at this low
frequency which is most successful in increasing the pressure coefficient magnitude
over the natural case. The pressure increases correspond primarily to the first port,
although minimal increases are present at ports two and three.

Pressure fluctuations due to pulsed air control continue to increase in
amplitude when the angle of attack is increased to 20° in Figure 5-17. Although
the natural pressure variations are only slightly greater than those at 15°, the
pressure coefficients under control at the first, second, and third subharmonics have
increased by a factor of about five. Forcing at the two lower frequencies, 15 Hz
corresponding to the second subharmonic and 7.5 Hz corresponding to the third
subharmonic, results in an enhanced periodicity of the pressure coefficient with
respeci to time;, as seen in Figure 5—18  The fluctuations of the pressure
approximately equal the forcing frequency in each case. The active control has a
significant effect on the average pressure coefficient at each port. Referring to
Figure 5-19, the natural pressure magnitudes are lower than those at 15°, and the
minimal changes in pressure across the ports indicates that the airfoil is separated.
Forcing at all three frequencies discussed increases the pressure coefficient
magnitudes at all three ports, but most significantly at the two ports nearest the
leading edge. This suggests that the active control has caused the separating
boundary layer to reattach.

The amplitude and the periodicity of the pressure fluctuations with respect
to time are greater at an angle of attack of 2o°. While pressure variations for the
natural case are actually reduced here compared to 20°, as seen in Figure 5-20, the

case forced at the first subharmonic of 30 Hz exhibits enhanced regularity in the

pressure peaks at 2ll three port locations. When the control frequency is reduced to
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the second and third subharmonics, in Figure 5-21, the forcing results in a pressure
time tracc fluctuating at a frequency closely corresponding to the control value.
The average pressure coefficients for this angle of attack are greater in magnitude
than the natural case, shown in Figure 522, but are slightly less than at the lower

attack angle of 20°.
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CHAPTER SIX

DYNAMIC FLOW CONTROL

6.1  Pulsed—Air Conirol of an Unsteady Separating Boundary Layer

The final part of this experimental investigation is to force an unsteady
separating boundary layer usirg the determined static post—stall fundamental
frequencies. Since we now have a detailed picture of the actively controlled static
airfoil, the first step in the development of a iynamic control methodology inust be
to ascertain how the determined post—stall fundamental forcing frequencies affect
the dynamic airfoil flow. A proposal for the remainder of the study is outlined in
detail in Chapter Eight.

To observe control cffects on the unsteady flow, a hot—film prebe was placed
at the 19§ chord location at various distances from the airfoil surface. The chord
Reynolds numie; is 24,000. Figure 6—1 presents the natural unsteady flow at an at
of 9.05. The veloriiy V represents the total velocity measured by the hot—film
probe a¢ the airfoil i. pitched, including instantaneous, angular, and averagse
velocity components in the x and y directions. Ciose to the airfoil, the reduced
velocity exhibits a sharp decrease near an angle of attack of 18°. The velocity
decreases to a minimum ai an attack angle of approximately 22°. As the distance
from the airfoil is increased, the peak in the velocity becomes sharper at first, and

then gradually smooths cut over a greaier range of attack angle, until the broad

peak extends from about 22° to about 40°. This large decrease in velocity, from the
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velocity peak to the minimum, has been shown to correspond to the presence of the
dynamic stall voriex on the airfoil (Luttges, Robinson, and Kenpedy, 1985).

Active control by tangential—pulsed air forcing has a noticeable effect on the
flow, with the flow response depending upon forcing frequency and distance from the
airfoil. When the flow is forced at the fundamental frequency of the corresponding
post—stall static flow, 20 Hz, two changes are apparent, as shown in Figure 6-2.
The first occurs at the four closest points to the airfoil surface, appearing as a slight
reduction in peak velocity. For the first six positions from the airfoil, there is also a
delay in velocity reduction by about 10°.  Reguiar fluctuations occur most
noticeably at Y/C=0.131 and Y/C=0.262 at a slightly lower frequency than the
control value.

The broadening of the velocity peak and the delay of velocity decay do not
occur when the flow is forced at the first and second subharmonics corresponding to
the static post-stall values of 10 Hz and 5 Hz. Shown in Figures 6-3 and 6—4
respectively, the velocity traces appear similar to the non—forced case. At a forcing
frequency of 10 Hz, a secondary peak is evident at both Y/C=0.052 and
Y/C=0.066. There are also increased ~elocity fluctuations at those and greater
distances from the surface. The secondary peak is on slightly visible at Y/C=0.052
in the flow forced at 5 Hz. In fact, this sub—peak takcs on the appearance of yet
another velocity fluctuavion, rather than a separate occurrence.

These results are summarized in Figure 6-5, which gives the average
percentage velocity changes over the free-stream. For all three controlled cases,
there is an apparent increase in velocity magnitude over the natural case. Values at

the location farthest from the airfoil surface do no change appreciably, but closer to

_
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the airfoil the change is appreciable. This is most evident for the casc forced at
20 Hz.

Identical measurcments were also obtained at the 30% chord location.
Shown in Figure 6—6 for the natural flow, the significant occurrence in the flow is a
secondary peak centercd around approximately 25°. This sub—peak is not present
at locations farther than Y/C=0.098, and the broad velocity peak that was present
at 10% choxd is replaced by a sharp peak that moves from about 23° at Y/C=0.098
to about 26" at Y/C=0.262

Forcing the flow at the post—stall fundamental frequency of 20 lz
significantly delays the sccondary—peak that was present in the natural flow, as
presented in Figure 6--7. While the secondary peak was centered around about 24°
in the natural flow, it docs not appear until approximately 27° in the forced casc.
In addition, this peak is reduced in magnitude by about 20%. The sharp peak
appearing at Y/C=0.098 in the natural ilow does not clearly manifest itself until
Y/C=0.262 in the controlled flow. Overall velocity peaks are reduced by the
forcing, and the velocity decay is delayed by an average of 4°.

The greatest cffect of forcing at the static post—stall first subharmonic of
10 Hz, shown in Figure 68, is an increase in velocity oscillations at the location
closest to the airfoil, Y/C=0.026. Velocity fluctuations diminish with increasing
distance from the aitfoil surface. It is only at the two farthest points from the
airfoil, Y/C=0.197 and 0.262, that the velocity peak is reduced and delayed wiih
respect to angle of attack due to the forcing. Forcing at the siatic post—stali second
subharmonic of 5 Hz, given in Figure 6—9, has effects similar to forcing at the first

subharmonic.
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The naturc of the velocity at the 30% chord lscation is summarized in
Figurc 6 -10. It is clear that the overail velocity magnitudey for the case forcea at
the static post—stall fundamental frequency are significantly greater than the
natural flow. Velocity magnitudes are only slightly lower than this for the flow
forced at the static post—stall first subharmonic. 7This minimal decreasing trend
continues to the static post—stali sccond subharmonic frequency, but it should be
noted that the forced velocity is still greater than the natural flow, especially at

points farthest from the airfoil surface.
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6.2  Qualitative Control Response of the Unsteady Separating Boundary Layer

The effect of internal tangential pulsing on a dynamic flow at a
non—dimensional frequency of at =0.05 depends on forcing frequency, as shown in
Figure 6—11 for a chord Reynolds number of 24,000. Flow visualization of the flow
forced at frequencies near the fundamental forcing frequency of 20 Hz shows a
marked reattachment of the flow over the leading one—third of the airfoil for all
three attack angles shown. This enhanced reattachment could be correlated with
the reduction in the velocity peak that was noted in the hot—film measurements.
There is a significant attenuation of the dynamic stall vortex at an angle of attack
of 25 for both forcing frequencies of 22 Hz and 18 Hz. By 30°, the dynamic stall
vortex has manifested itself visnally over the airfoil, but is preceded u
smaller leading edge structure.

Forcing at frequencies near the first subharmonic of 10 Hz, shown in rows
four and five, results in a ngtable reduction in the overall separation region size at
the 20° attack angle. The vortex attenuation that occurred at an attack angle of
25° for the greater control frequencies continues at the lower forcing frequencies,
and is still apparent at an angle of attack of 30° for the flow forced at 9 Hz. This
example is notable because the flow qualitatively resembles the development of a
large periodic free shear layer. This confirms the hot—film measurements at a 10 Hz
forcing frequency, which exhibited the greatest enhancement in periodic shedding of
the large scale fiee shear layer structures. Forcing the flow near the static second
subharmonic of 5 Hz also appears to visibly enhance free shear layer vortex

development, especially at an angle of attack of 25°. The presence of numerous

structures on the airfoil is clearly evident for this case.




20° ' 25° 30°
Figure 6—11. Smoke flow visualization of a dynamic airfoil under

- natural and pulsed air forcing conditions.




104

6.3  Control Effects on Unsteady Airfoil Performance

An evaluation of the aerocdynamic benefits of tangential pulsed air control is
conducted to judge practical applicability of the forcing. Upper surface pressure
coefficients are shown in Figure 6-12 for a chord Reynolds number of 57,000. The
first column exhibits the pressure coefficients over the airfoil chord for angles of
attack of 20°, 25°, and 30° for the natural flow. The presence of the dynamic stall
vortex, exhibited by the rise in pressure coefficient, can be tracked moving along the
surface of the airfoil as the angle of attack is increased. Forcing at the static
post—stall first subharmonic frequency creates a significant change in the pressure
field over the airfoil at ar angie of attack of 25°. Whereas the pressure signature of
the dynamic stall vortex is over the trailing edge half of the airfoil for the natural
flow, there is a vortical pressure signature over the latter three quarters of the
airfoil. It should be noted at this point that there is an apparent bias in the
dynamic pressure measurements discussed in this report, resulting in a variation of
the lift coefficient magnitudes by a different constant for each of the forcing

N " L. ma e 1 P - I . . : £t I ooad 1N
wequencics.  1is plienointilia coula pe aue w 1

.o == - - I g - ~
e puiscd all iCg 1puL ot 10 Lae
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lack of a pressure tap at the leading edge of the airfoil, or to an undetermined
experimental source.

Forcing at the static post—stal! subharmonics of 15 Hz and 7.5 Hz, shown in
Figure 6—13, yields a reduction in pressure near the leading edge of the airfoil at an
angle of attack of 20°. At an attack angle of 25°, there is a smoother transition in
the pressure field from the leading edge to the trailing edge. Correlating these
results with the flow visualization taken at Rc=24,000 might indicate that this

smooth pressure coefficient trace is due to the atienuation of the dynamic stall
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vortex. By an angle of attack of 307, there is little effcct on the pressure firld due
to active control.

Lift coefficients are shown in Figure 6 -14 for a nen dimensional pitch rate of
0.05 and a chord Reynolds number of 57,000. ‘lhe natuial Jow cxhibits &
characteristic platcau followed by a peak at approximatety 267, ‘This peak coincides
with the presence of the dynamic stall vortex on the anfoil surface. A second peak
near an angle of attack of 40° is caused by the formation of a counter-rtetating
trailing rdge vortex (Panda, 1991)

Forcing the flow at the static post- stall first subharwunic fercing frequency,
30 Hz, corresponding to a chord Reynolds nuriber of 57,000 1esults in a noted shift
in Jift cocfficient peaks to an earlicr angle of attuck, indicatieg thay the control is
enhancitg dynamie stall, or at least free shear tayer vortex forwmation. There is also
a lessenieg in appearaace of the pre-stall plateaun in the Lft curve Reducing the
forcing frequency to 15 Hz does not alter the flow as significantly as the grea‘er
forcing fieguency.  The greatest effect duc to flow centiol occurs at the third
subhannonic of 7.5 Hz.  The platean which congistently forms prior to the lift
coefficient peak in an unforced flow has manifested itself into an actual sub--peak
prior to the primary lift peak assoc:ated with dynamic stall  The change in Lift
coefficient magnitude wiith respect to control frequen y cannot be considered at this
point. Although the natural lift measurements agree closely with those of Jumper,
Schreck, and Dimmick (1987), there appeats to be a bias in the lift measurements,
shifting the entire plot up or down vith respect to hift coefficient magniiude.
Considerable alterations in the drag curve shape at ¢ontrol {requencies of 15 and

30 Iz, shown in Figure 615, indicates the Lift bias may be flow related, but it is the

opinion of the author that these results need further ansiysis. The events such an
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peak lift and lift curve shape are not under scrutiny and thus are the only
information considercd at this time.

Corresponding drag coefficients under natural and actively controlled
conditions are shown in Figure 6-15. As expected, the drag curves follow the same
trends that as the lift coefficients. The earlier appearance of the dynamic stall
vortex at the 30 Hz control frequency is confirmed in the early peak in the drag ¥
curve. In addition, the drag peak at the low forcing frequency of 7.5 Hz is delayed l
by approximately onc degree. Since the peak drag corresponds to dynamic stall

vortex detachment from the airfoil surface in an unforced flow, it is reasonable to

assume that active control has delayed vortex departure.
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Instantaneous surface pressure coefficients on a dynamic

airfoil under pulsed air forcing. Column 1 = 15 Hz and

Column 2 = 7.5 Hz. a¥=0.05, R_=57,000,
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CHAPTER SEVEN

DISCUSSION AND CONCLUSIONS

The overall objective of this research project was to develop and evaluate a
control methodology for scparation control on a two—dimensional NACA—0015
airfoil. This control process is based on two important criteria. The first is that the
s¢jarating boundary layer on a static aitfoil can be considered a free shear layer.
The second is that this free shear layer is susceptible to control via shear layer
vortex manipulation. The final part of the study extrapolates to the assumption
that the separating unstcady boundary layer prior to dynamic stall vortex formation
on a dynamic airfoil is analogous to the free shear laver on 2 static airfoil. Therc is
a distinct difference between steady and unsteady separation. Static airfoil flow is
characterized by leading cdge separation, where the flow initially separates from the
airfoil leading edge, rcattaches into the long separation bubble in some flows, but
eventually separates over the entire airfoil, resulting in stall. If the assumption that
pre—vortex separated dynamic flow is indeed accurate, then the pre—stii unsteady
separation should be scnsitive to the developed static airfoil free shear 1ay et control

methods.

7.1 Discussion — Static Airfoil

The fundamental frequency, or that frequency at which the free shear layer is

most receptive to active controi, is equal to four times the calculated airfoil wake

frequency for the NACA—0015 airfoil studied. The fundamental frequency reaches a
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constant after thc separation point reaches the leading cdge and the airfoil has
stalled. It follows reason that the fundamental frequency imeasured at the 5% chord
location in this experiment would be greater than the calculated wake frequency,
since the unforced free shear layer structures pair as the distance along the airfoil
increases. By the time the wake is reached, the vortices have paired sufficiently to
redhice the frequency associated with vortex passage by a factor of four.

Iioth ¢xternal acoustic and internal tangential—pulsed air control successfully
waantpulate the growth and development of the large—scale layer structures in the
airfoi! scparating boundary layer. Forcing at the fundamental frequency inhibits
vortex pairing, while forcing at the corresponding subharmonics enhances vortex
paising. This effect is visible in both the near—surface hot—-film velocity traces and
in t.. surfacc pressure time traces. The nature of the near—surface hot—film
velociny traces closely resembles that of a similarly controlled mixing layer,
indicating that the static separating boundary layer can indeed be considered a free
shear layer.

The overall size of the separation region is reduced for a post—stall airfoil
under taugential--pulsed air forcing at both the fundamental frequencies and the
subharmonic frequencies. Control at the fundamental frequencies prevents shear
layer voriex pairing and thus inhibits shear layer growth, reducing the separation
region. Control at the subharmonic frequencies actually ¢cnbances free shear layer
vortex pairing, causing the free shear layer to grow. 'The resultant controlled
scparation region size is actually reduced, however. It is speculated that the
enhanced free shear layer vortices offer a mechanism for the separating boundary
layer to dissipate more energy into the freestrcam thus inhibiting separation

progression and cnhancing flow reattachment.
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Internal-tangential pulsed air control at free shear layer subharmonic
frequencies enhances the aerodynamic performance of the staiic airfoil, resulting in
as much as a 36% increase in pressure coefficient magnitude over the airfoil upper
surface under forced conditions. Since the input velocity of the forcing is on the
order of actual blecd air available on aircraft engines (Stermer, 1991), the
augmented airfoil upper surface pressure magnitudes indicate a promising futurc

practical application.
7.2  Discussion — Dynamic Airfoil

Imparting tangential—pulsed air control into the flow over a dynamic airfoil
at frequencies associated with a post—suall static flow alters the development of the
unsteady separating boundary layer. Both static fundamental and subharmonic
frequency control enhance velocity oscillations at locations above the upper airfoil
surface, and in some cases smooth out the velocity reductions indicating vortex
passage past the airfoil. Comparing these results with the dyramic flow
visualization, it is apparent that the smoother transition is accompanied by dynamic
stall vortex attenuation at an angle of attack of 26°. This indicates that the
broadening of the velocity peak represents a reduction in the vortex strength on the

upper airioil surface. These events also coincide with a slight increase in the

average total velocities measure by the hot—filin probe.
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7.3  Conclusions — Static and Dynamic Airfcil
The following conciusions can be drawn from the experimental results:
Static Airfoil:

. The fundamental frequency for a two—dimensional NACA-0015 airfoil is a
function of angle of attack and freestream velocity prior to airfoil stall, This
frecquency is an integral multiple of the wake frequen-y.  After stall, the
frequency remains constant as the angle of attack increases, being a function

of fiecstream velocity only.

¢ Acoustic and pulsed air active contro! at the airfoil fundamental frequencics
are successful in inhibiting pairing of the structures in the scparating
boundary layer.  Active control at subharmonics of the fundamental

frequency enhances structure pairing.

. The response of the airfoil separating boundary layer to active control
indicates that it can be considered a boundary layer in transition to a free

shear layer.

v Active control at frequencies corresponding to the fundamental frequencies of
the NACA-Q015 airfoil and its subharmonics reduces the size of the

post -stall separation region over the airfoil and results in significantly
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increased surface pressure coefficient magnitudes. This result shows promise

for future practical applications.

Dynamic Airfoil
. Active control at static post—stall fundamental frequencics on a dynamic

NACA--0015 airfoil attenuates the dynamic stall vortex and reduces the size

of the overall separation region.

. Active control at these frequencies also results in a slight delay in dynamic
stall.
. Both surface pressure coefficient magnitudes and airfoil lift and drag values

are significantly altered by the active control.
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CHAPTER EIGHT

RECOMMENDATIONS

The following extensions of this experimental study are recommended for further

research into the development of a dynamic conirol methodology:

o An extensive evaluation of the fundamental frequencies associated with the
unsteady separating boundary layer. Since these frequencies are expected to
change with respect to angie of attack as the airfoil is pitching, it would be
worthwhile to study this aspect using a technique such as wavelet
transforms. A wavelet transform allows determination of flow frequencies in

both space and time.

. Control input, based on the information obtained from the unsteady dow
frequencics. This analysis could be accomplished through hot—wire and
pressure measurements, as well as application of real-time flow visualization
to evaluate the control effects on shear layer and dynamic stall vortex

development.

) Development of an interactive dynamic control method. Such a method

would measure the frequencies in the flow, evaluate these frequencies using
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the wavelet transform, and then input control based on the determinced

frcquencies.
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The following is a list of programs used in thi. study. They are located on the

MassComp MC-5500, located at the Frank J. Seiler Research Laboratery.

1. Pressure acquisition PRESS__ONE.F

2. Hot—film acquisiticn HWIRE.F

3. Pressure reduction PRESS__CONV.F

4. Hot—film reduction RDSTATIC.F or RDDYN.F




